Background-Embolic stroke in atrial fibrillation is more prevalent in women than in men, yet the basis for this difference remains unclear. This study seeks to elucidate whether there are any sex differences in the relationships between stroke risk (CHADS 2 score, CHA 2 DS 2 -VASc score without a sex category, and estimated stroke rate) and left atrial (LA) anatomy or mechanics in patients with atrial fibrillation. Methods and Results-LA emptying fraction and global peak atrial longitudinal strain were assessed in 414 subjects with paroxysmal or persistent atrial fibrillation (156 women and 258 men). Linear regression models with an interaction term were performed to test the effect of sex difference on associations between the embolic risk and LA function or anatomy. Sensitivity analyses were performed in 228 age, heart rate, and rhythm-matched subjects (114 women and men). Women were older and had larger LA volumes and lower LA mechanics than men. Significant negative association between the CHADS 2 score and LA emptying fraction was only demonstrated in women with a significant interaction between sexes. Similar significant interactions were found in global peak atrial longitudinal strain but not in LA volume. These findings were corroborated in the comparisons against CHA 2 DS 2 -VASc score without a sex category and the estimated stroke rate. Sensitivity analyses in the matched subgroup also confirmed the robustness of these sex differences in LA emptying fraction, but less so in global peak atrial longitudinal strain. Conclusions-Significant sex interactions on the association between global LA function and risk stratification schemes exist, which may be a reason for the higher prevalence of embolic stroke in women. (Circ Cardiovasc Imaging. 2016;9:e004999.
A trial fibrillation (AF) substantially increases the risk of stroke. Embolic stroke is often fatal, and survivors are often left permanently disabled. Women are more likely to have embolic stroke than men, 1,2 regardless of anticoagulation use. 3 Although the current risk stratification scheme (ie, CHA 2 DS 2 -VASc) includes female sex as a risk factor for stroke, 4 the basis for this difference is not fully elucidated.
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Embolic thrombi are often formed in the left atrium (LA), where structural, functional, and electrical remodeling are observed in patients who had AF. 5 Previous studies have identified several LA echocardiographic parameters as risk factors for embolic stroke, including LA emptying fraction (LAEF), volume (LAV), LA appendage flow velocity, the presence of a thrombus, and spontaneous echo contrast. 6 Recently, speckle-tracking echocardiography has enabled a precise assessment of the function of the LA not only during sinus rhythm 7, 8 but also during AF, [9] [10] [11] [12] where reduced LA strain is associated with stroke. [9] [10] [11] [12] We hypothesized that there are significant interactions between sex and stroke risk on LA anatomy and mechanics. Thus, the aims of this study were to determine whether LA mechanics, including LAEF and LA strain, were more impaired in women than in men and elucidate whether there are any interactions of sex and risk stratification schemes (CHADS 2 and CHA 2 DS 2 -VASc scores without a sex category) on LA anatomy and mechanics.
Methods

Study Population
The study population consisted of 487 consecutive patients with paroxysmal or permanent AF who were referred to Gunma University Sex Differences in LA Mechanics Hospital between January 2011 and November 2014 for clinically indicated echocardiography. Of the 487 patients, we excluded 73 patients with more than mild mitral valvular heart diseases (n=17), previous mitral valvular surgery (n=3), acute decompensated heart failure (n=11), acute myocardial infarction (n=2), cardiomyopathy (n=3), insufficiency of frame rate (n=6), and poor quality echocardiographic images (n=31), leaving 414 participants for the final analyses (women, n=156 and men, n =258). Their clinical indications for echocardiogram were to assess cardiac function (n=204), intracardiac thrombus (n=192), and heart failure (n=18).
Study Design
In this cross-sectional study, we investigated the effect of sex differences on LA mechanics and their relationship to stroke risk and identified independent contributors to reduced LA strain in multivariable analyses in all participants. CHADS 2 and CHA 2 DS 2 -VASc scores without a sex category were used as clinical risk stratification scheme, whereas stroke rate (per 100 patient-years) were estimated based on CHADS 2 score. 13 Then, we performed sensitivity analyses using 228 age, heart rate, and rhythm-matched subjects (114 men and 114 women), in which each consecutive female subject was matched to a male participant of the same age, heart rate, and rhythm (sinus or AF) (1:1). If an exact age match could not be found, the male subject closest in age or heart rate to the female subject (within 5 U differences) was selected. The institutional medical ethics committee of the hospital approved the study protocol, and all patients provided written informed consent to participate.
Standard Echocardiography
Subjects were assessed in the left lateral decubitus position using a commercially available ultrasonography system equipped with 2.5-MHz transducers (Vivid 7, GE Medical, Milwaukee, WI). Standard echocardiographic parameters, such as left ventricular (LV) volumes, mass, ejection fraction (LVEF), and stroke volume were quantified according to current recommendations. 14 LAVs were measured using the area length method from the 4-and 2-chamber views and subsequently indexed (LAVI) by body surface area. 15 The LAEF was defined as ([LAV max −LAV min ]/LAV max )×100. Either of LV and LA volumes were individually determined in each beat and averaged across 3 consecutive beats for the patients with sinus rhythm and 5 for those with AF. Transmitral flow (E wave and deceleration time) and mitral annular tissue Doppler (e′ and s′) velocities were measured. The E/e′ ratio was used to estimate filling pressures. The Doppler value was taken as the mean of 3 beats for all participants.
Speckle-Tracking Echocardiography
The precise method of LA measurement in our laboratory has been reported previously. 11 In brief, 3 consecutive cardiac cycles were recorded and averaged for the patients with sinus rhythm and 5 for those with AF, and the frame rate was set at 60 to 80 frames per second. The analysis was performed off-line using proprietary software (EchoPAC ver12.0, GE, Milwaukee, WI). We used the onset of the R wave as the reference point to calculate LA strain. 8 The LA endocardial border was manually traced in both 4-and 2-chamber views. After manual adjustment of a region of interest to cover the full thickness of the myocardium, the software divided the LA into 6 segments and automatically scored the segmental-tracking quality. The software rejected segments with inadequate image quality and excluded them from analysis. Longitudinal strain curves were generated for each of the 12 LA segments in 4-and 2-chamber views. Because longitudinal strain curves of 2 LA roof segments were lower than those in the other 4 segments, they were excluded from the 4-and 2-chamber views. 12 Global peak atrial longitudinal strain (GLAS) during ventricular systole was then measured by averaging values obtained in the remaining 8 segments. An experienced echocardiologist, who did not have access to patients' information, analyzed all echocardiographic values.
Reproducibility of LA Strain
The reproducibility of GLAS measurement was assessed in 20 randomly selected patients. Intraobserver and interobserver agreement was evaluated after the same observer and another experienced reader repeated the analysis 4 weeks later. The intraclass correlation coefficients for intraobserver and interobserver agreement were 0.98 and 0.99, respectively, which were similar to our previous values of 0.97 and 0.95.
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Statistical Analysis
All continuous variables are presented as means±SD or medians and interquartile ranges as appropriate. Comparisons between sexes were assessed by the χ 2 or Mann-Whitney U tests, as appropriate. Normality was evaluated using the Shapiro-Wilk W test. Univariable and multivariable linear regressions were performed to assess independent contributions of sex to GLAS. The prespecified variables of age, sex, persistent AF, heart failure, hypertension, diabetes mellitus, body surface area, systolic blood pressure, LVEF, LV mass index, LAVI, LAEF, and AF rhythm at echocardiography were included in the multivariable models regardless of their association in the univariable analysis, based on our hypothesis and previous findings. Then, linear regression models with an interaction term were performed to test the effect of sex difference on associations between the embolic risk and LA function or anatomy. Homoscedasticity of the errors and normality of the error distributions were checked in residual plots. GLAS, LVEF, LV mass index, LAVI, and LAEF were log-transformed when put into the models based on their distributions. Two-sided P<0.05 indicated statistical significance. All data were statistically analyzed using SPSS version 21.0 (SPSS Inc, Chicago, IL) and R software version 3.1.0 (R Development Core Team 2013) with the package ggplot2. 
Results
Clinical Characteristics
The clinical characteristics are summarized by sex in Table 1 .
In the whole population, women were older and had a smaller body surface area and higher heart rate than men, whereas the prevalence of persistent AF did not significantly differ between the sexes. Although the CHA 2 DS 2 -VASc score was higher in women, both the CHADS 2 and CHA 2 DS 2 -VASc scores without a sex category were similar between the groups. Among the CHADS 2 components, reduced LVEF and diabetes mellitus were more frequent in men, but the proportion of subjects aged ≥75 years was higher in women. Of note, brain natriuretic peptide levels were significantly higher in women than in men. These differences became less significant in the age-, heart rate-, and rhythm-matched population, except for body surface area and the CHA 2 DS 2 -VASc score. Echocardiographic measurements are summarized in Table 2 . Among the 414 patients, there was no statistically significant difference in the prevalence of AF between sexes at the time of echocardiography; 198 men (77%) and 120 (77%) women (P=0.97). Women had smaller LV volume indices, although the LVEF and LV mass index were similar. In addition, women had more deteriorated diastolic function than men, evidenced by higher mitral E-wave velocity and E/e′ ratio with lower e′ velocity. This was further corroborated by larger LAVIs. These inferior diastolic functions were confirmed in the matched population.
Independent Determinant of LA Strain
Results of univariable and multivariable linear regression analyses are summarized in Table 3 . Although sex was associated with GLAS in the whole population in both univariable and multivariable analyses, the significance disappeared in the matched populations (P=0.10 in multivariable analysis). Other independent determinants were age, AF at echocardiography, LV mass index, and LAVI.
Interaction of Sex and Risk Stratification Schemes on LA Anatomy and Function
Sex-specific associations of the CHADS 2 score on LA anatomy or mechanics among both the whole and matched populations are summarized in Figure 1 , Table 4 , and Table  I in the Data Supplement. There were consistent significant interactions of sex and CHADS 2 score on LAEF, but less so on GLAS, and none on LAVI. Although there was no significant interaction in the maximum LAVI, a positive correlation between the LAVI and CHADS 2 score was demonstrated only in women ( Figure 1A ). In contrast, there were significant interactions between sex and CHADS 2 score on both LAEF and GLAS ( Figure 1B and 1C ). There was a decrease of 3.0 points in LAEF in women per every 1-point increase in CHADS 2 score but not in men, resulting in a significant interaction (P=0.003). A 1-point increase in CHADS 2 score resulted in a 17.3% decrease in GLAS in women, which was greater than the 8.5% fall in men (P=0.002). Similar results were found in the matched population ( Figure 1D through 1F) , in which a significant interaction was found only in LAEF and borderline significance in GLAS (P=0.07).
These findings were corroborated by the interactions against estimated stroke rate, where women had significantly lower LAEF than men as the stroke rate increased in the both populations ( Figure 2 ). These findings were also supported by the interactions against CHA 2 DS 2 -VASc without including a sex category (Figure 3 ). In the whole population, the 2 regression lines between the CHA 2 DS 2 -VASc without a sex category and the (log-transformed) LAVI were parallel ( Figure 3A ), but there were significant interactions for the LAEF and GLAS ( Figure 3B and 3C) . Similar results were found in the matched population, although the interaction between GLAS and this score showed significance (P=0.026).
Discussion
This study is the first to reveal significant interactions between sex and stroke risk consistently for LA mechanics and not for LA size. There were also significant interactions of sex and either CHADS 2 score, estimated stroke rate, or CHA 2 DS 2 -VASc score for LAEF and GLAS. Sensitivity analyses in an age-, heart rate-, and rhythm-matched population confirmed the robustness of interaction on LAEF but less so on GLAS. These findings suggest that LA function deteriorates more in women than in men for the same amount of increase in clinical risk of stroke, and the functional deterioration took place globally, rather than longitudinal direction. These interactions between LA function and risk may explain one of the underlying mechanisms responsible for the higher incidence of stroke in women. Sex differences in cardiovascular disease are of huge interest in current cardiology research. 16, 17 Indeed, a sex difference in the risk of stoke has been reported in epidemiological studies 1, 3, 18 and clinical trials, 2 yet the underlying mechanisms for this difference have not been fully elucidated. Several possible mechanisms have been proposed, including mechanisms dependent on and independent of sex steroid hormones (eg, genomic factors 18 ). Sex steroid hormone-dependent mechanisms are evidenced by the effects of menopause on cardiovascular risk, 19 especially the increased risk of AF after menopause. 20 We sought to find the mechanical link between these factors.
In this study, we identified significant interactions between sex and stroke risks on LA function but not LA size, although both are closely related to thromboembolic risk. The superiority of LAEF over LAV corroborated with previous finding. 21 LA reservoir function represents a more advanced state of LA remodeling than LA enlargement alone. 22 These previous studies have shown associations between structural or functional remodeling in LA and risk stratification schemes [9] [10] [11] but not in light of sex differences.
There are 2 possible mechanisms that may explain this. First, this could be because of impaired LV diastolic function. In this study, women had a significantly smaller LV but a larger LA and more deteriorated LA function than men, indicating worse diastolic function. In addition, female sex is a risk factor for heart failure with preserved ejection fraction. This was supported by a recent study, which showed that low LAEF is associated with impaired LV diastolic function and prevalent heart failure. 23 Furthermore, in this study, women had a significantly smaller stroke volume with a higher heart rate, a finding similar to that in previous studies, which also reported that women have a higher heart rate, longer duration of paroxysmal AF, and more frequent recurrence of arrhythmia cardioversion. 24, 25 Another possible factors are increased LV and arterial stiffness in women. Recent studies have reported that women display increased arterial and ventricular stiffening and deranged ventricular-arterial coupling compared with men, particularly with aging. 26, 27 Of note, both LV diastolic function and increased stiffness would lead to LA fibrosis. A relationship between reduced LA function and LA fibrosis has been demonstrated in patients with AF. 28 
Study Limitations
This was a cross-sectional study and as such cannot assess the causality of the associations found. However, this is the first study to determine a significant interaction by sex between Interactions by sex on the association between CHA 2 D 2 S-VASc scores without the sex category and LA parameters. Interactions by sex from the whole population (A-C) and matched subgroups (D-F) are shown. Associations of (log-transformed) maximum left atrial volume index (LAVI) against CHADS 2 score are illustrated in A and E, whereas those of LA emptying fraction and (log-transformed) global LA strain (GLAS) are shown in B and D and in C and F, respectively. Sex Differences in LA Mechanics LA mechanics and risk stratification scheme in patients with AF. This study did not evaluate the actual prognostic value of sex difference. However, this has already been shown in many articles, and the aim of this study was instead elucidating a link to what causes the sex differences in the risk of AF in patients. LAVs were assessed by 2-dimensional (2D) echocardiography and not in a 3D manner. However, systematic underestimation of LAVs would have happened equally to both sexes. We do not have data on the duration of AF episodes, other than paroxysmal or permanent. This is important, but accurate assessment of AF duration is difficult because not all of the patients have AF symptoms from all of AF episodes.
Conclusions
Significant interactions of sex and risk stratification scheme on LA function were identified. As stroke risk increases, LA function deteriorates more in women than in men. Our findings may explain one of the mechanisms responsible for the higher prevalence of embolic stroke in women.
